INTRODUCTION {#s0001}
============

In India, the regulation of genetically engineered (GE) organisms is prescribed in rules notified by Ministry of Environment and Forests (now the Ministry of Environment, Forests and Climate Change; MoEF&CC), Government of India on December 5, 1989 under the Environment (Protection) Act 1986. These rules, commonly referred to as Rules 1989, cover the manufacture, import, use, research and release of GE organisms and derived products in India. (Rules for the Manufacture, [@cit0012]) The key regulatory bodies responsible for implementation of the Rules 1989 are the Genetic Engineering Appraisal Committee (GEAC) in MoEF&CC, and the Review Committee on Genetic Manipulation (RCGM) in the Department of Biotechnology (DBT).

Regulatory systems cannot remain static; technological innovation is a dynamic driver of how biotechnology is being applied to develop new products and processes internationally. Since these are regulated activities in India, it is important for GEAC and RCGM to remain apprised of these changes so that risk assessment guidance, supporting resources, and outreach and training of stakeholders can be appropriately modified. In order to proactively identify emerging issues that may impact the risk assessment and risk management functions of the Indian biosafety regulatory system, MoEF&CC conducted a survey to understand the nature and diversity of genetically engineered crops (also referred to as transgenic crops herein) that may move to product commercialization within the next 10 y. This is the first comprehensive overview of the R&D pipeline for GE crops in India.

MATERIALS AND METHODS {#s0002}
=====================

An electronic questionnaire was prepared to identify what GE crops and traits are currently under development or are anticipated to be developed within the next 10 y in India (2014--2024). It was distributed to 1050 individual scientists from 320 public and private sector organizations that are involved in plant breeding R&D in India based on known research activities e.g., through engagement with Institutional Biosafety Committees. The questionnaire was comprised of 2 categories of questions: (1) general questions related to information about the respondent\'s institution and R&D activities; and (2) specific questions to provide information about specific transgenic plants currently under development (see Box 1). A total of 243 responses to the questionnaire were received by the closing date of May 1, 2014 which was a response rate of 23%.

RESULTS AND DISCUSSION {#s0003}
======================

India has a very rich and innovative R&D pipeline. Respondents to the product pipeline questionnaire identified over 85 different plant species currently being used in experimental work, including plants used for food, livestock feed, fiber, fuel, and dietary or medicinal purposes. The ten most prevalent crops are presented in [Fig. 1](#f0001){ref-type="fig"}, and a comprehensive list of all of the crop species identified by respondents is in [Table 1](#t0001){ref-type="table"}. Trait variation was also found to be extensive, ranging from resistance traits for biotic stressors, to abiotic stress tolerances (e.g., drought, salt, heavy metals, etc.) to truly novel nutritional, medicinal or metabolic phenotypes as seen in [Fig. 2](#f0002){ref-type="fig"}. FIGURE 1.The most prevalent crops in R&D programs by organizational category. FIGURE 2.Aggregated responses for traits that are being studied in R&D programs (total number of responses received for each trait). MS/FR = Male-sterility, fertility restoration pollination control system. TABLE 1.A list of all crops/plants in the R&D pipeline as identified by respondents to the questionnaire (the number in parentheses indicates the number of respondents who listed the crop/plant)Abelmoschus esculentus (12)Malus domestica (2)Allium cepa (4)Mangifera indica (1)Amorphophaullus sp. (1)Manihot esculenta (3)Arabidopsis thaliana (10)Medicago sativa (1)Arachis hypogaea (6)Melia sp. (1)Areca catechu (2)Morus sp. (2)Bacopa monnieri (7)Musa sp. (15)Bambusoideae (2)Nicotiana tabacum (22)Brassica caranata (1)Ocimum sanctum (1)Brassica juncea (8)Oryza sativa (73)Brassica napus (1)Panicum sp. (1)Brassica nigra (1)Pennisetum glaucum (7)Brassica oleracea var. botrytis (3)Phalaris minor (1)Brassica oleracea var. capitata (2)Phaseolus vulgaris (1)Brassica oleracea var. italica (2)Phillanthus (1)Brassica rapa (3)Picorhhiza kurroa (3)Brassica sp. (6)Piper nigrum (3)Cajanus cajan (13)Pisum sativum (2)Camellia sinensis (5)Populus sp. (2)Capsicum annuam (3)Psidium guajava (2)Capsicum sp. (2)Psyllium sp. (1)Carica papaya (4)Punica granatum (1)Carthamus tinctorius (2)Ricinus communis (5)Casuarina sp. (1)Rosa sp. (2)Catharanthus sp. (2)Saccharum officinarum (4)Cenchrus sp. (2)Sesamum indicum (2)Centaurea depressa (1)Setaria italica (1)Cicer arietinum (14)Solanum lycopersicum (51)Citrullus lanatus (6)Solanum melongena (28)Cocos nucifera (2)Solanum tuberosum (7)Coffea sp. (7)Sorghum bicolor (8)Cuminum cyminum (1)Spinacia oleracea (1)Curcuma longa (1)Stevia rebaudiana (1)Dendrobian sp. (1)Swertia sp. (1)Dolichos sp. (1)Switennia mehagony (1)Elettaria cardamomum (1)Tectona grandis (1)Eleusine coracana (4)Theobroma cacao (2)Eucalyptus sp. (2)Triticosecale (1)Glycine max (5)Triticum sp. (12)Gmelina sp. (1)Vigna mungo (3)Gossypium sp. (64)Vigna radiata (3)Helianthus sp. (5)Vigna radiata (4)Hevea brasiliensis (3)Vigna unguiculata (2)Ipomoea batatas (2)Withania somnifera (2)Jatropha sp. (2)Zea mays (29)Lathyrus sp. (2)Zingiber officinale (1)

[Figs. 1 and 2](#f0001 f0002){ref-type="fig"} and [Table 1](#t0001){ref-type="table"} demonstrate that Indian plant biotechnology R&D is being used to develop plant products that are relevant to Indian agriculture today, but it is also forward looking. For example, there is significant research on traits that are relevant to mitigating the impacts of climate change on agriculture, which will be important to ensuring that agricultural productivity is maintained and ultimately improved. (Swaminathan and Kesavan, [@cit0013]) Productivity constraints in crops that are particularly relevant to smallholder farmers (e.g., pulses, millets) are also receiving significant attention, with important implications for improved food and nutrition security. (Erskine et al., [@cit0003], National Academy of Agricultural Sciences, [@cit0010])

The majority of R&D projects reported in the questionnaire are early phase. For example, 80% of the respondents indicated that their projects were limited to basic research, transformation and regeneration, or early phase event selection in contained (i.e., laboratory, growth chamber or greenhouse) conditions, and only 20% had progressed to event selection in confined field trials. Plant transformation is a commonly used and very important research tool, and it is likely that many of the R&D projects identified by respondents are experimental system or proof-of-concept projects. This is important information as it emphasizes that the biosafety regulatory system must be responsive to all types of agricultural biotechnology research, be it for knowledge generation or product development. Differentiating basic R&D projects from those that are intended for advancement through to commercial product release will help in informing prospective biosafety risk assessment and regulation needs, and so should be determined through a separate, systematic study.

Public sector plant biotechnology R&D in India is very strong, with 73% of all respondents self-identifying from public sector research institutions, state agricultural or other universities. Of the 57 respondents who identified as private sector, 78% were from Indian companies indicating that the domestic private sector is strongly represented in plant biotechnology R&D. The majority of all 127 respondents who anticipate eventual commercialization expect India to be the first adopter of the GE crops they are developing. This is a strong indication that the GE plants under development by Indian scientists are intended for the Indian market, and that the R&D investments made in India should result in benefits for Indian farmers and consumers. Eighty-eight respondents to Q21 indicated that they anticipate submitting applications for commercial release (i.e., cultivation, and use in food and/or feed) of their GE crops, with 8% and 6% of these identifying 2015 and 2016 as target years for approval. Anticipated products for commercialization from the private sector are limited to brinjal, cotton and maize, whereas applications from the public sector encompass a much broader range of crops ([Fig. 3](#f0003){ref-type="fig"}). FIGURE 3.Applications for commercial approvals that respondents anticipate will be submitted to Indian regulatory authorities by the end of 2016.

The results of the questionnaire also demonstrated a significant gap between respondents\' expectations for product delivery to farmers (i.e., commercial release of GE crops) and the reality of what is actually required to achieve this, including the time it takes to address biosafety regulatory requirements. This means that many respondents are either unaware of what is required by regulators to demonstrate that a novel GE plant is as safe as its conventional counterpart, or have unrealistic expectations about how promptly products can advance from contained research, through Biosafety Research Level I (BRLI) and Biosafety Research Level II (BRLII) field trials (DBT and MoEF&CC, [@cit0002]), to approvals for cultivation and consumption/use. This means that, at a minimum, additional education and outreach is needed at the institutional level to improve understanding about the staged pathway to product deployment. Product developers must have a realistic understanding of both the time and financial implications of meeting regulatory requirements in order to make informed decisions about whether project objectives can be achieved.

Internationally there is considerable experience as regards assessing the environmental and food safety of GE plants expressing insect resistance and/or herbicide tolerance traits, including published risk assessments conducted by competent authorities in many countries. While [Fig. 2](#f0002){ref-type="fig"} makes clear that these traits are already common in Indian R&D programs, the Indian regulatory system must also prepare for a potential scenario of new plants expressing new traits with which there is relatively less experience in India and elsewhere. This will be greatly facilitated if the development of tools and guidance needed to address these future challenges is initiated in the near term. Some suggestions are provided below.

Environmental risk and food safety assessment of GE crops are comparative exercises requiring specific kinds of information about the non-transformed host plant and its derived food and feed products. Biology and crop composition documents such as those published by the Organization for Economic Cooperation and Development (OECD, [@cit0011]) are very useful resources for this purpose. The Government of India has published biology documents that complement the OECD documents by providing information that is specific to the Indian context for cotton, (MoEF&CC and DBT, [@cit0006]) maize, (MoEF&CC and DBT, [@cit0007]) okra, (MoEF&CC and DBT, [@cit0008]) and rice, (MoEF&CC and DBT, [@cit0009]) and MoEF&CC is currently developing the same for chickpea, pigeon pea, sorghum, papaya, mustard, tomato, rubber and potato. The intent of these crop-specific biology documents is to describe information that is directly relevant to environmental risk assessment in a format that is accessible to risk assessors and regulators. The document is an overview of pertinent biological information on the untransformed (i.e., conventional or non-transgenic) species that can be used as a reference to help define the baseline and scope for the conventional comparator against which transformed organisms will be compared in the risk assessment. As seen in [Table 1](#t0001){ref-type="table"}, there are many other crop species that could potentially be submitted for regulatory permits and approvals in India, and so additional biology documents will need to be prepared after a careful assessment that determines which of these new plant species are intended for eventual BRLI and BRLII confined field trials and commercialization (as some are being studied for basic research under contained conditions only). For less familiar crop species, it is likely that gaps in information needed for risk assessment (and hence the preparation of biology documents) may have to be addressed through field research. For example, understanding the reproductive biology of the non-transgenic plant species is essential to determine appropriate isolation practices so that confined BRLI and BRLII field trials of the experimental, transgenic plants can be effectively managed. Similarly, it will be necessary to identify important food and feed nutrients, as well as anti-nutrients, toxins or allergens that naturally occur in those plant species that will be used for food and/or feed so that any changes in these that lie outside of the normal range of variation can be identified and evaluated as part of the safety assessment process.

Risk assessors may wish to consider if there are any new, plausible risk hypotheses (Garcia-Alonso and Raybould, [@cit0004], Wolt et al., [@cit0014]) to be addressed when assessing the potential environmental impacts of transgenic plants expressing abiotic stress tolerance traits (see [Fig. 2](#f0002){ref-type="fig"}). If there are, then how these should be addressed must be clearly described in an appropriate guidance document. As seen in [Fig. 2](#f0002){ref-type="fig"}, drought tolerance is the second most popular trait in the R&D pipeline, and so product developers need to know what additional kinds of studies (if any) will be necessary to meet their regulatory obligations.

In regards to the safety assessment of foods derived from plants with altered nutritional or metabolic profiles (see [Fig. 2](#f0002){ref-type="fig"}), the Government of India\'s Guidelines for the Safety Assessment of Foods Derived from Genetically Engineered Plants was updated in 2012 to include a framework to address the safety assessment of foods derived from transgenic plants modified for nutritional or health benefits. (ICMR, [@cit0005]) This update made sure that the Indian guidance was consistent with the Codex Alimentarius Commission\'s Guideline for the Conduct of Food Safety Assessment of Foods Derived from Recombinant-DNA Plants CAC/GL 45--2003. (CAC, [@cit0001]) Ensuring that risk assessors have the technical capacity to apply this framework is important as a significant number of R&D projects were identified that relate to nutritional or metabolic changes (see [Fig. 2](#f0002){ref-type="fig"}). [Table 1](#t0001){ref-type="table"} also lists a number of medicinal plant species which raises interesting questions relative to existing regulations for traditional medicines, and how GE versions of these plants should be managed from risk assessment and regulatory oversight perspectives.

This survey, while being the first comprehensive overview of the R&D pipeline for GE crops in India, is preliminary only and the results indicate that more detailed follow-up is required. For example, it would be very instructive to follow-up with public sector institutions to get a much clearer idea as to how many of the research projects being undertaken are aspirational versus realistic in terms of future commercial release. This is needed to ensure institutional preparedness for compliance with the regulatory system, as well as for post-approval considerations such as stewardship, market access and trade implications. Box 1: QuestionnaireGeneral Questions1. Please choose the item that best describes your organization: research institution; university/state agricultural university; private sector; non-governmental organization.2. If you answered research institution in question \#1, please indicate if you are under any one of the following agencies: Council of Scientific and Industrial Research; Indian Council of Agricultural Research; Indian Council of Medical Research; Department of Biotechnology; Department of Science and Technology; Ministry of Human Resource Development.3. If you answered private sector in question \#1, please indicate if you are under one of the following companies: Indian company; multinational company.4. Indicate how many years your organization has been involved in: plant breeding research; germplasm enhancement; variety/hybrid development; biotechnology R&D.5. Does your organization have an Institutional Biosafety Committee?6. Please indicate the crop species that are currently part of biotechnology R&D programs at your organization (respondents were asked to provide information for up to 5 crop species).7. Do you anticipate that a new crop species (other than those listed in response to Q6) will be used in biotechnology R&D programs at your organization within the next 3 years? If "Yes,\" please indicate which species and traits are likely to be examined.8. Are there transgenic plant materials from discontinued research programs currently stored at your institution?Product-Specific Questions:1. For each of the crop species identified in Q6, respondents were asked to provide the following information:2. Please indicate which trait or traits are being studied (select as many as apply): Insect Resistance, Fungal Resistance, Viral Resistance, Bacterial Resistance, Nematode Tolerance, Herbicide Tolerance, Drought Tolerance, Salt Tolerance, Other Abiotic Stress Tolerance, Nitrogen Use Efficiency, Hybrid Production System, Micronutrient Enhancement, Macronutrient Enhancement, Modified Fatty Acid, Modified Amino Acid, Modified Color , Delayed Ripening, Other3. Which stage of Biosafety Research Level I trials have been completed to date?4. Which stage of Biosafety Research Level II trials have been completed to date?5. When do you anticipate submitting this product for commercial approval?6. Has this product been approved in any other countries? If yes, please indicate which countries.7. If no, do you expect it to be approved in India first?
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[^1]: Color versions of one or more of the figures in this article can be found online at [www.tandfonline.com/kgmc](http://www.tandfonline.com/kgmc).
